Glucono-δ-lactone (gdl) is used to promoting gelification of muscle proteins in restructured foods. Protein gelification can be achieved by lowering enough the pH to promote interactions between protein molecules. The gdl was added to a muscle extract (1.2 % w/w) at 4, 12, 20 and 28°C and pH and rheological behavior were observed using a controlled stress rheometer. Changes in pH induced by gdl hydrolysis were more noticeable at 28°C (final pH 4.40) than at 4°C (final pH 5.02). The gdl hydrolysis rate depends on temperature, being lower at low temperature and increasing with temperature. This temperature influence on pH decrease was reflected on muscle protein gels viscoelastic behavior, where the proteins cross-linking were caused by the acidification, enough to form a gel structure. Maximum storage (G') and loss (G") modules were achieved at pH values between 4.5-5.5, near to myofibrillar proteins isoelectric point. Samples presented a liquid-like behavior (G'>G") during the acidinduced gelation. Stronger gels were formed at high temperatures. At this point, loss of solubility and structure were caused by an excess of acid in the medium.
INTRODUCTION
In the meat industry the use of additives is wide and often used for a great variety of products. The D-gluconic acid-8-lactone or gluconolactone (gdl) is as a quick ripening agent important for the pH fall of sausages. The gdl in water is hydrolysed to gluconic acid. For this, it can be used to produce acid-induced gels at relatively low temperatures. The acid induced gelation of meat proteins was first reported by Fretheim et al. (1985) , where formation of myosin gels at 5°C was obtained by the simple lowering pH solution by dialysis. Hermansson et al. (1986) reported that myosin solutions at 4°C formed strand-type gel structures when the pH was lowered slowly to 4.0 by dialysis, where the gelation occurred spontaneously. Venugopal et al. (1994) reported that the addition of acetic or lactic acid to shark myofibrillar protein increased the viscosity at pH 4.5. Ngapo et al. (1992 Ngapo et al. ( , 1996a , and c) have been studying acidinduced gelation of meat proteins at low temperatures to produce restructured gelled products by slow acidification using gdl. The gelation of biopolymers occurs by an enhancement of the interactions between the dissolved polymer macromolecules or its aggregates. This occurs due to a partial decrease in the solubility of the polymer (or some of its functional groups) in the solvent, and is brought about by one of several external factors, e.g., pH, temperature, ionic strength.
The objective was to study the rheology of the gelation of meat proteins induced by gdl and observe the effect of different temperatures (4, 12, 20 and 28°C) on the acid induced-gelation.
MATERIALS AND METHODS
Beef Longisimus dorsi muscle was'obtained from a local abattoir and used within three days post mortem. Protein suspension was obtained modified the methodology reported by Ngapo et al. (1992) . Excess of fat and connective tissue was removed before grinding the meat in a food processor. Equal parts of meat (50 g), ice and tap water (w/w/w) were homogenised in an Ultra Turrax T25 homogenizator (Janke & Kunkel GMBH & Co, Starufen, Germany). The mixture was magnetically stirred in an ice bath for 5 min, and then 2:3 (w/w) of tap water was added and stirring continued for a further 10 min. The homogenate was sieved through a kitchen metal mesh, and centrifuged in a Beckman ultracentrifuge L7-35 (Beckman Inst., Palo Alto, Cal., USA) at 2,000 x g at 4°C for 10 min. Each pellet was resuspended in 50-60 ml of tap water in ice-bath for 20-30 min. The protein content was determined by means of the biuret reaction (Gornall et al., 1949) , and adjusted to 90-95 mg/ml.
The acid induced-gelation of the beef samples was achieved by adding 1.2% (w/v) of glucono-8-lactone S.G. (Roquette Freres, Lestrem, France) to 10 ml of the protein suspension. This was the minimum gdl concentration that gave a good and acceptable pH fall in about 3 h, determined by preliminary experimentation. pH fall was measured every 15 min in the samples with an Orion pH meter model 250A (Orion Research, Sussex, England) at the different temperatures (4, 12, 20 and 28°C, in water baths) . The result at each time was taken as the average of at least five replicates during each 3 hour run. The gelation of the protein samples was monitored using a Cari-med controlled stress Rheometer CSL 2 500 (TA Instruments Ltd., Leatherhead, UK). Gelation was developed adding the gdl and 5 minutes after the sample was pressed in a plate geometry (0 4 cm, Z 0°) with a gap size of 1 mm. A 3 hour time ramp procedure was followed in the oscillation procedure at 0.75 Hz of frequency. Storage (G'), loss (G"), and complex (G*) modules were followed during the curing experiment. The resulting rheograms are the average of at least five similar sample curves. Figure 1 shows the rheograms and pH fall at the four temperatures employed. At 4°C (Figure 1 -a) the lowest pH after 180 minutes was 5.0. G" and G' curves are practically flat during the acidification. For 12°C (Figure 1-b ) pH values were lower than at 4°C, and after 90 minutes pH was around 5.0 to finally reach a 4.65 value. G" and G' values were 10 times higher than at 4°C, showing a more characteristic curve during the gel development. The gel evolution at 20°C (Figure 1-c) show higher G" and G' values at same time intervals than for the preceding temperatures, with lower pH. An interesting behaviour were observed at 28°C (Figure 1-d) , where after 90 minutes (pH 4.5) the frequency employed was to high and disrupt the gel structure causing an irregular response. The G" and G' values were the higher than at others temperatures and the lowest pH was reached after 180 minutes was 4.4. The pH fall was less pronounced at the lower temperatures. The highest temperature showed the fastest pH fall. Figure 2 shows the G* values, indicating changes in elasticity and viscosity during the acidinduced gelation at the temperatures employed. The highest values of G* were obtained at 28°C, followed by 20,12 and 4°C.
RESULTS

DISCUSSIONS
The rate of gdl hydrolysis depends on temperature, being slow at ambient and rapid at high temperatures (Harwalkar et al., 1977) . Kim and Kinsella (1989) reported that heating milk at higher temperatures enhanced the rate of the acid-induced gelation, being twice as fast at 55° as at 45°C. In this way, changes in pH were promoted by temperature, with lowest pH at higher temperatures. During gelification process G values increase with protein cross-link density until the reaction is complete (Ziegler and Foegeding, 1990) . So, gelation in the protein solutions of sufficient concentration arise as a result of conformational changes pertaining to the macromolecules or a change in the surrounding medium or both. This change needs to be induced and the prolonged exposure to low pH values makes gel formation in the cold possible (Fretheim et al., 1985) . Then acid conditions produced by gdl hydrolysis are enough to promote this change and form a gel-like structure. On the other hand, electrostatic interactions behave as repulsive forces during the process of protein aggregation, particularly when the system contains a single protein species or different species having similar isoelectric points (Matsumora and Mori, 1996) . The solubility of the proteins are greatly influenced by their environment (pH, temperature, salt concentration, interaction with other components), with minimum solubility at the (Kretzschmar, 1992) . At the isoelectric point, the protein-protein interactions are highest and the water-protein interactions are at a minimum, causing a decrease in solubility (Borderias and Montero, 1988) . The higher temperature the stronger heat-induced gel, and stronger denaturant conditions (lower pH or higher temperature) lead to stronger gels (Fretheim et al., 1985) . A lower the pH will result in a lower net negative charge in protein molecules (Hermansson et al., 1986) . Since the protein extract used in this experiment consists mainly of myofibrillar proteins, it would be expected that at low pH, near or below to the isoelectric point of these proteins (4.50-5.5), the solubility and accessibility of these could be detrimentally affected. At 4°C (Figure 1-a) the environmental conditions are not enough to cause a change in protein aggregation, although pH values are in the myofibrillar protein isoelectric point region. Absence of a maximum in the G" curve may be interpreted as if the gel is formed by stiff network (Ross-Murphy, 1992) . For 12°C (Figure 1-b ) the pH drop is faster increasing the protein cross-linking reflected in an increase in G" and G' values.
Increasing temperature (Figure 1-c) had a marked effect in the gel development, with higher G" and G' values. Finally, at 28°C (Figure 1-d) the loss of solubility and gel structure due to the drastic acid conditions gave an erratic response in the rheological parameters after 90 minutes, apH near to 4.5. Kim and Kinsella (1989) reported that for acidified milk with gdl G' and G" enhanced as the temperature was increased form 40 to 55°C, indicating an increase in the number of strength of the elastically effective bonds between protein molecules at higher temperatures. Similarly, Xiong et al. (1991) reported that a viscoelastic milk protein network was induced by heating a gdl-acidified milk dispersion, at pH 4.0 with both G' and G" increased with temperature (from 20 to 60°C). A viscosity increase in washed fish proteins was reported when the pH was lowered with acetic or lactic acid near to 4.5 (Chawla et al., 1996; Venugopal et aL, 1994) . Instead of many definitions, G* correspond to the vectorial resolution of the rheological components G" and G', where it corresponds to:G* = -N /G' 2 +G" 2 (Ferry, 1980; Clegg 1995) . In this way, G* represents a resolution of the stress/strain ratio in the complex plane. In Figure 2 the maximum values are for 28°C, because stress and strain ratios are higher at this temperature promoted by more acid conditions by gdl hydrolysis, caused larger aggregates at the beginning and breaking the gel structure at the end. At 4°C no changes were observed, because a gel structure enough to show a response was not formed. For 12 and 20°C the characteristic viscoelastic curves were developed, but with differences in the maximum peaks. At 12°C maximum was reached at ca. 150 minutes (pH near to 4.75), whereas at 20°C the maximum was reached after 90 minutes (pH 4.60) Transitions in G* curves reflect the denarurational events caused by acid conditions. Differences in the environmental acid conditions due to temperature produced contrast in the viscoelastic behaviour of the samples. Temperatures enough to produce an adequate pH fall yield a good rheological pattern in acid-gel formation.
Acid-induced meat gel structures reported by Hermansson et al. (1986) and Fretheim et al. (1985) did not show changes after heating. Consequently, such gels are stable enough to withstand any major alteration that may be produced by conformational changes on heating. By other side, washed fish proteins homogenates showed an increase in viscosity at pH 4.5 and form gel upon heating, with no gel formation in absence of acid conditions (Venugopal et al., 1994; Chawla et al., 1996) . In view of these, acid conditions can form a gel with no major input of energy required to unfold and aggregate protein molecules in a self-support structure. In the present study, the main changes are due to pH fall promoted by differences in the hydrolysis of gdl at different temperatures. The repulsive balance between protein molecules caused by slow acidification can be explained as a unfolding process proceeded by an ordered rather than random protein-protein interactions resulting in a gel matrix, analogously to the heat-induced gelation, and it was reflected in the characteristic curing curves during the experiment. Electronic microscopy (Hermansson et al., 1986; Ngapo et al., 1996) support that strong acid conditions leads to large aggregates instead to a fine network. Emulsified acid milk gels formed at pH 4.0 were stronger than those at 4.6, reflecting the importance of electrostatic interactions in gel structure (Xiong et al., 1991) .
CONCLUSIONS
Slow acidification follow a similar gelation mechanism like in the heat-induced gelation, with an initial unfolding and a finally aggregation, if environmental conditions are adequate. Generally speaking, maximum values for the storage, loss and complex modulus were achieved close to the isoelectric point of the proteins in the samples. Acid conditions regulated by temperature could be a useful way to produce food gels or restructured meat products.
